Longitudinal vibration mode of piezoelectric thick-film cantilever-based sensors in liquid media
We report on the fabrication of a self-actuated resonant-microsensor, based on a thick-film piezoelectric cantilever, dedicated to either ͑bio͒chemical detection in gaseous or liquid media or fluid characterization. The aim of this paper is to demonstrate that longitudinal modes can be used in highly viscous environments. Lower levels of fluid-solid interaction in comparison with classical flexural modes are expected from the results of our analytical model of a cantilever oscillating in a fluid. For example, in various fluid ranging from air to a Newtonian fluid of 300 cP viscosity, measured quality factors for the first longitudinal mode range from 300 to 20. © 2010 American Institute of Physics. ͓doi:10.1063/1.3387753͔
To understand the behavior of atomic force microscopy microcantilevers for physical applications or micromechanical cantilevers used for chemical sensing applications or for fluid characterization, one must understand the associated hydrodynamic phenomena. The coupling between the structure and the surrounding viscous fluid influences the characteristics of mechanical resonance; in particular, the fluid causes a decrease in quality factor and, thus, in sensing abilities. In gas, resonant frequencies of the classical transverse flexural modes may be reduced by a few percent compared with the value in vacuum, whereas Q may exhibit reductions of two orders of magnitude. For the conventional flexural resonant modes, immersion in liquid results in even greater changes of the frequency response, though resonant frequencies and Q values are approximately one order of magnitude smaller than their values in the gas phase. 1 The reduced value of Q, related to the viscous losses in the surrounding medium, adversely affects the detection limit of these types of sensors. Conventionally, most silicon-based microcantilevers have been operated in the transverse bending mode. 2 In that case numerical and analytic models have been developed to understand the interaction between structure and fluid in order to detect chemical species or to characterize fluid properties. 3 In this letter, the use of the longitudinal ͑axial͒ mode of lead zirconate titanate ͑PZT͒ thick-film structure-based microcantilevers to obtain higher Q values in liquid media is presented. Because excitation of this mode is not easy using classical silicon microcantilevers, full PZT piezoelectric microcantilevers including gold electrodes have been made with screen-printing technology. 4 Screen-printed microcantilevers comprising Au/PZT/Au layers are partially released from an alumina substrate ͓Fig. 1͑a͔͒ using a sacrificial layer process. 5 The sacrificial layer, prepared by adding strontium carbonate ͑SrCO 3 ͒ in an epoxy resin, is first deposited on an alumina substrate and polymerized at 120°C. Commercial ESL ͑ElectroScience Laboratory͒ Au ͑8836͒ and PZT pastes are subsequently screenprinted and dried in an oven at 120°C. PZT ink is prepared from the mixture of piezoelectric Pz26 powder ͑Ferroperm͒ and 7 wt % lead borosilicate glass-frit, blended with ESL 400 organic vehicle. Then, the multilayered samples are cofired 2 h at 850°C in air with heating and cooling rates of 15°C min −1 . Finally, dissolution of the sacrificial layer is performed in a 0.9 mol l −1 H 3 PO 4 aqueous solution. The fabricated piezoelectric layers P 1 ͑10ϫ 2 ϫ 0.075 mm 3 ͒, P 2 ͑8 ϫ 2 ϫ 0.075 mm 3 ͒, and P 3 ͑6 ϫ 1 ϫ 0.075 mm 3 ͒ are coated with 5 -10 m thick symmetrical electrodes which have slightly smaller areas than those of the piezoelectric layer ͓Fig. 1͑b͔͒.
For longitudinal modes, the dynamic response of a microcantilever immersed in fluid is well characterized by the following equation of motion ͓Fig. 1͑b͔͒:
where u is the axial displacement ͑along the cantilever͒, is the mass density, A is the cross-section area, E is the cantilever Young modulus, and g 1 and g 2 are the fluid-dependent a͒ 7 Solution of Eq. ͑1͒ in vacuum ͑g 1 = g 2 =0͒ gives the invacuum natural frequencies as
; n = 1,2, ... .
͑2͒
The displaced shapes ͑mode shapes͒ in vacuum at the natural frequencies are ͑all underlined functions are for the corresponding functions in the Fourier space͒
Here, l characterizes the magnitude of the ͑small͒ vibration due to the piezoelectric effect, x is the coordinate ranging from 0 ͑clamped-end͒ to L ͑free-end͒. In fluid media, the fluid offers resistance to the motion. This resistance is composed of an inertial force, proportional to the beam acceleration, and a dissipative force, proportional to the beam velocity ͓respectively, g 2 and g 1 in Eq. ͑1͔͒. Thus, the cantilever dynamic response is modified by the fluid shear resistance and the resonant frequency f r ͑n͒ ͑Ref. 8͒ may be expressed by
where Q Fluid is the quality factor of the cantilever/fluid system that depends on the losses. To clearly understand the damping effect of the fluid, the Navier-Stokes equation has been solved approximately to determine the fluid velocity around the vibrating cantilever. In particular, an analytical solution has been obtained by assuming that the fluid motion is equivalent to that corresponding to an infinite plane vibrating in-plane with a nonuniform velocity associated with the longitudinal vibration mode in vacuum ͓Eq. ͑3͔͒. The nonslip boundary condition at the surface z = 0 and the motionless condition for z = ϱ lead to analytical expressions for each half-space ͑z Ͼ 0 or z Ͻ 0, 0 Ͻ x Ͻ L͒. Assuming that the fluid resistance on the small faces ͑of dimensions h ϫ L͒ is negligible compared with that due to the shear resistance of the fluid on the large faces ͑of dimensions b ϫ L͒, the hydrodynamic force can be determined, resulting in the following expressions for g 1 and g 2 :
where Fluid and Fluid are the mass density and dynamic viscosity of the fluid, respectively. Using this analytical model of the interaction between the unconventional longitudinal vibration of the cantilever and the surrounding fluid, it has been demonstrated that the use of longitudinal modes may be quite promising for ͑bio-͒chemical detection, especially in liquid, thanks to the low damping effect on the total quality factor Q.
Using an impedance analyzer ͑HP4194A͒, the frequency spectrum of P 2 in air ͑Fig. 2͒ indicates the fundamental longitudinal piezoelectric resonance is at f r = 65.7 kHz with Q = 300. These numerical values have been confirmed with optical measurement of in-plane vibrations ͑MSA500 Polytec͒. Similar behaviors have been found for both of the other cantilevers ͑P 1 and P 3 ͒ at different resonant frequencies. Making use of the piezoelectric effects, impedance measurements of the axial vibrations in various other fluids with viscosities ranging from 1.55 to 300 cP have been performed to estimate the quality factors of the microstructures in these liquid media ͑Fig. 2͒.
Using similar measurements as presented in Fig. 2 for various cantilever geometries, the quality factors corresponding to internal losses have been determined from measurements in air: it varies from 130 for P 3 to 300 for P 1 and P 2 . Total quality factors for the three cantilever geometries have been measured to range from 70 to 107, 41 to 51, and 20 to 22 for the 1.55, 20, and 300 cP fluids, respectively. As shown in Table I , the analytical modeling gives a good estimate of the measured quality factors and resonant frequencies.
Though the quality factor in air is relatively small because of both the electrical and mechanical losses of this piezoelectric structure, the measured viscous losses are also very small as predicted with the analytical modeling.
In conclusion, the use of piezoelectric cantilevers vibrating in longitudinal modes has the potential to yield very good quality factors in liquids, even when the viscosity is large ͑e.g., Q = 22 for 300 cP͒. This result is very promising for future applications in ͑bio͒chemical detection in liquid media or fluid characterization using longitudinal modes. 
